Brain metastases develop in up to 50% of all patients with cancer. 25 In most series, the use of fractionated WBRT extends a patient's survival by 3 to 5 months. 5, 7, 8, 23 Although more patients harbor multiple rather than solitary brain metastases at presentation (over 100,000 patients with solitary tumors are diagnosed in the United States each year), few gains have been made in the treatment of this disease. For patients with a single brain metastasis, the authors of two randomized trials found a survival benefit after surgical resection combined with WBRT as compared with WBRT alone, although a third trial that included more patients with active systemic disease, did not. [22] [23] [24] Because many patients have metastases in brain locations not amenable to surgical resection, the potential benefit of resection cannot be offered to all patients. In addition, if the patient is in poor medical condition, craniotomy and resection may be precluded.
Although more patients harbor multiple rather than solitary brain metastases at presentation (over 100,000 patients with solitary tumors are diagnosed in the United States each year), few gains have been made in the treatment of this disease. For patients with a single brain metastasis, the authors of two randomized trials found a survival benefit after surgical resection combined with WBRT as compared with WBRT alone, although a third trial that included more patients with active systemic disease, did not. [22] [23] [24] Because many patients have metastases in brain locations not amenable to surgical resection, the potential benefit of resection cannot be offered to all patients. In addition, if the patient is in poor medical condition, craniotomy and resection may be precluded. 28 Most physicians expect a poor outcome in a patient with multiple brain metastases. Treatment regimens are often palliative in nature. Traditionally, surgical resection has been offered rarely to patients with multiple metastases, because the resection-related morbidity in multiple brain locations was believed to be excessive, and the risk for developing additional tumors was perceived to be high. 4, 28, 29, 31 Stereotactic radiosurgery, a method to deliver a single, high-dose fraction of ionizing radiation to a small, precisely defined target volume, potentially provides answers to both problems (Fig. 1) . First, radiosurgery can be performed in any location in the brain, regardless of regional brain function. 2, 12 Second, radiosurgery can be used to treat multiple brain lesions in one setting, irrespective of tumor's histological type or configuration. 1, 10, 13, 14, 21 However, because radiosurgery, like conventional surgery, is still a focused treatment, it potentially is limited by the risk of the development of additional tumors outside the initial irradiated regions. 8 In the 1980s and early 1990s, it was the practice at most institutions to limit the use of radiosurgery to the management of patients with solitary tumors. This approach was more often used in patients with multiple metastases because of the high incidence of concurrent, active systemic disease. However, there was a subset of patients with multiple tumors in whom, because of the tumors' small sizes, good neurological function was maintained and who had Neurosurg Focus 9 (2):Article 4, 2000, Click here to return to Table of Contents Decision making for patients with multiple brain metastases: radiosurgery, radiotherapy, or resection? treated or controlled systemic disease. These patients usually received fractionated WBRT, up to a dose of approximately 30 Gy. In years past, if multiple brain tumors were found after prior WBRT had been administered, then either no treatment or a smaller, fractionated whole-brain irradiation boost (10-20 Gy) was administered.
Approximately 10 years ago, we began to explore the role of radiosurgery for the treatment of patients with multiple (two to four) brain metastases (Fig. 2) . Our hypothesis was that stereotactic radiosurgery in addition to WBRT would provide improved local brain tumor control and progression-free survival in patients with multiple tumors.
CLINICAL MATERIAL AND METHODS
Our randomized study was approved by the Institutional Review Board for Health Sciences at the University of Pittsburgh, and informed consent was obtained from each patient. 18 Eligible patients met the following criteria: 1) histological confirmation of tumor type at the primary site or at a site of metastatic disease had been obtained in each patient; 2) all brain metastases were less than or equal to 25 mm in mean diameter and were located more than 5 mm from the optic chiasm; 3) only two, three, or four tumors were visualized on contrast-enhanced MR imaging prior to randomization; and 4) patients had a Karnofsky performance scale score less than or equal to 70. Histological tumor types could include lung, breast, colon, renal cell, melanoma, bladder, ovarian, and uterine carcinomas. Patients were considered ineligible if they did not meet one or more of the aforementioned criteria or could not undergo MR imaging.
Local tumor control was defined as the absence of tumor growth (with caliper measurements) visualized on postradiosurgical imaging studies and no increase in clinical symptoms associated with the lesion. Our method of measuring tumor size has been previously published. 20 Serial images were interpreted by an independent, blinded observer.
At the initial examination, patient data were recorded. All patients underwent MR imaging prior to randomization. No more than four brain metastases were detected on MR imaging in any patient prior to randomization, and all brain metastases were observed to be less than 25 mm in maximum diameter on neuroimaging. Systemic staging radiological studies (chest radiography, bone scanning when indicated, and computerized tomography scanning of the chest, abdomen, and pelvis as indicated) were performed within 2 months of randomization to determine active disease status. Patients were informed of the need to undergo serial MR imaging as well as clinical tests at 6 weeks and 3 months after treatment, and every 3 months thereafter.
Trial Design
Sample size calculations were based on industry standard assumptions of a power of 0.80 to detect a difference in the primary outcome measure of local control after radiosurgery combined with WBRT (expected control of 90%) as compared with WBRT alone (expected control of 50%). Based on these assumptions, a sample size of 44 patients was calculated for equal randomization into 22 patients per group (by coin toss). The design included a single interim analysis to be performed at 60% accrual with use of O'Brien-Fleming stopping rules. 9, 19, 26 Statistical tests included a log-rank test for analysis of local tumor control and survival and Cox's proportional hazards model for multivariate testing. A probability value of 0.05 was used to define significance. The data were collated and reviewed by an investigator independent of each treatment arm. 18 The primary outcome of this study was neuroimagingdefined control of brain disease. This primary outcome was chosen rather than survival, because the length of survival was believed to be related to extrinsic factors (other organ involvement) independent of the brain tumor therapies. Secondary outcomes included overall survival, progression-free survival, treatment-related morbidity, and the need for additional brain treatments. The primary outcome was defined by the serial MR-documented change in size and number of tumors at 1.5, 3, 6, 9, 12, 15, and 18 months following completion of either treatment. On imaging we coded the local tumor response as well as the development of new remote tumors. During follow-up ex-D. Kondziolka, et al.
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Neurosurg. Focus / Volume 9 / August, 2000 Fig. 1 . Contrast-enhanced axial MR images obtained in a patient with multiple brain metastases from renal cell carcinoma (arrows). The patient refused WBRT and was one of the first patients with multiple metastases to be treated at our center. He lived 14 months and continued to practice medicine for almost 1 year after undergoing radiosurgery.
aminations, we coded the status of non-cranial systemic disease, the requirement for other brain therapies (surgery, radiation, chemotherapy, or immunotherapy), the neurological examination, and requirement for corticosteroid therapy.
Radiosurgery and Radiotherapy
All patients randomized to treatment with fractionated WBRT were treated with megavoltage beams with a source axis distance no less than 80 cm. Fraction sizes of 2.5 Gy were used. A midplane dose of 30 Gy in 12 fractions was delivered. Radiosurgery could precede, follow, or be performed within the time course of WBRT. The maximum time interval between WBRT and radiosurgery in patients randomized to radiosurgery was 1 month.
Patients randomized to the WBRT/radiosurgery group underwent gamma knife radiosurgery (Elekta Instruments, Atlanta, GA) administered using stereotactic MR guidance. Dose planning was performed using an imageintegration on a computer workstation. All known tumors were irradiated. The 50% or greater isodose (16 Gy) was used to irradiate the tumor margin in all patients (Fig. 3) . This tumor margin radiosurgery dose in patients who had and had not undergone prior radiotherapy was selected so that the predicted biological effect on normal brain tissue and risk of complications (approximately 3%) would be the same. 11 Patients with symptomatic cerebral edema were treated with oral corticosteroid medications (dexamethasone 24 mg/day in divided doses or less).
RESULTS
Twenty-seven patients were randomized as part of the initial management plan after the diagnosis of multiple brain metastases had been confirmed. A histological diagnosis of recent cancer was made in all patients. The neuroimaging findings were characteristic of brain metastases in all patients (contrast-enhanced mass visualized on short TR images surrounded by a region of high signal on long TR images). The characteristics of the patients are listed in Table 1 . Fourteen patients were randomized to receive WBRT as initial management. Thirteen patients were randomized to WBRT combined with stereotactic radiosurgery. The groups were well matched according to age (mean age 58 and 59 years, respectively), sex, Karnofsky performance scale score (median score 100 in both groups), and distribution of tumor histological types. Nonsmall cell lung cancer was the most frequent diagnosis in each group, and similar proportions of melanoma, renal cell carcinoma, and breast carcinoma were present in each group. Overall, in 71% of the WBRT-alone group active systemic disease was found, and that in patients receiving WBRT/radiosurgery was 62%. Finally, the distribution in the number of brain metastases was similar between groups. Most patients (79% in the WBRT group and 62% in the WBRT/radiosurgery group) harbored two tumors.
The trial was stopped following an interim analysis after 27 patients had been entered into the study. 18 At this point a log-rank analysis revealed significant benefit in the rate of local tumor control after radiosurgery/WBRT (p = 0.0016). The level of significance exceeded the nominal significance value of p = 0.0092 required to stop the trial in accordance with the O'Brien-Fleming stopping rules stated at inception. Because patient accrual was slow and based on the findings of the interim analysis, the investigators believed it inappropriate to withhold therapy shown to be statistically efficacious and safe.
We found a significant improvement in the local tumor control rate after WBRT/radiosurgery as compared with WBRT alone. The rate of local failure at 1 year was 100% after WBRT alone (this included patients who died before 1 year in addition to those still living, in all of whom tumor progression was demonstrated); however, this rate was only 8% at 1 year in surviving patients who underwent boost radiosurgery. The median time to local failure was 6 months after WBRT alone (95% CI 3.5-8.5) as compared with 36 months (95% CI 15.6-57) after WBRT/ radiosurgery (p = 0.0005). The median time to the manifestation of any brain failure (progression of the initial tumors or the development of new tumors) was 5 months (95% CI 3.2-6.8) after WBRT alone and 34 months after WBRT/radiosurgery (p = 0.002). Local tumor control was not dependent on tumor histological type (breast versus lung/other versus melanoma/renal cell cancer; p = 0.85). Progression of brain disease did not correlate with the number of initially detected brain metastases (p = 0.25). The presence of active systemic disease outside the brain also did not correlate with brain control (p = 0.26). 18 No difference in overall survival was noted between the two groups based on the patients' initial brain tumor management, although there was a trend toward longer survival in the group receiving the combined therapies. Patients who received WBRT alone at diagnosis lived a median of 7.5 months (95% CI 4.6-10.4), whereas those who received WBRT/radiosurgery lived 11 months (95% CI 3.8-18.2; p = 0.22). Some patients in the WBRT-alone group who developed later progression of brain disease (local or remote) underwent salvage radiosurgery at that time (patients with marked systemic disease progression received no further treatment). In an analysis of the stratification of the WBRT-alone group we found that patients who received only WBRT and no later radiosurgery lived a median of 7 months (95% CI 3.6-10.4), whereas those who underwent delayed radiosurgery lived a median of 11 months (95% CI 7.1-14.9; and this was similar to the outcome found in those randomized to the combined treatment group). A difference in survival was found between these three groups (WBRT alone, WBRT and delayed salvage radiosurgery, and WBRT/initial radiosurgery; p = 0.04). In a strict analysis of patients who received WBRT alone and no further salvage brain management as compared with those who received WBRT/initial radiosurgery we identified a survival improvement in those undergoing radiosurgery (p = 0.028). Patients who received any additional form of brain management (radiosurgery, surgical resection (one case), or additional whole-brain irradiation D. Kondziolka, et al. 4 Neurosurg. Focus / Volume 9 / August, 2000 Fig. 3 . Axial MR images obtained at the time of radiosurgery in a patient with three metastases from renal cell carcinoma. The tumors were irradiated in the midbrain, left frontal lobe, and right temporal lobe, following WBRT. The 50% isodose line was used to cover the tumor margin. but not chemotherapy) also lived longer (median survival 11 months, 95% CI 6.7-15.3) than those patients who did not (median survival 5.5 months, 95% CI 3.3-7.7; p = 0.027). 18 The extent and type of systemic disease proved to be important. When outcome data in patients from both treatment arms were combined, median survival was 14 months (95% CI 12.7-15.3) in those with no systemic disease (other than their primary tumor and brain tumors), 7.5 months (95% CI 6.0-8.9) in those with systemic disease excluding lung metastases, and 5.5 months (95% CI 3.5-7.5) in those with systemic disease that included lung metastases (p = 0.02). The importance of additional systemic disease as a negative predictor for survival was important even without separating out patients with lung metastases (p = 0.05).
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DISCUSSION
Expectations for Patients With Multiple Brain Metastases
The diagnosis of multiple brain metastases in a cancer patient is frequently made and has been associated with a dismal prognosis. The results of our randomized study indicate that such an outcome may not be inevitable, as progression-free survival is a real possibility for patients with two, three, or four brain tumors, regardless of the tumor's histological type. Management of the brain tumors with WBRT and stereotactic radiosurgery leads to a high rate of local brain disease control which, in turn, places the onus on continued care of extracranial metastatic disease to improve survival length further.
The Role of Resection
The addition of surgical resection to WBRT appeared to double survival lengths in several randomized trials, to the range of 10 to 12 months. 24, 28, 30 These data were obtained only in patients with single brain metastases. The importance of systemic disease has again been correlated with survival. 6, 15, 23, 28, 30 In a recent randomized trial reported by Mintz, et al., 22 the authors found no survival benefit to resection combined with WBRT as compared with WBRT alone in patients with single tumors, perhaps reflecting a higher incidence of active systemic disease than that seen in other randomized trials.
In two recent studies the authors have expanded the scope of surgical resection to the treatment of patients with multiple brain metastases. In a retrospective review, Bindal, et al., 3 reported a 14-month average survival after the complete removal of multiple tumors in 26 cases, which matched the 14-month survival observed in a control group with single tumors matched for tumor type, time from presentation to metastasis, and extent of systemic disease. After incomplete resection (30 cases), survival time was no longer than that conferred by radiation treatment alone (average approximately 6 months). Hazuka, et al., 17 found only a 5-month average survival length in patients who underwent with resection of multiple metastases (18 cases), but only in one of their patients was total resection of all metastases achieved, and that patient lived 48 months. One important finding common to all of these studies was that the initial diagnosis of multiple brain metastases was not necessarily followed by the finding of an increasing number of brain tumors over the ensuing months. We believe that surgical resection remains important for the removal of a large symptomatic metastasis. Such surgical intervention, if successful, would allow the patient to undergo other treatments for the remaining tumors. The primary benefit of radiosurgery over resection in patients with multiple metastases is that it avoids the need for multiple craniotomies.
The Treatment of Miliary Metastases
Some patients are found to harbor many small brain metastases, often from 10 to 100 such tumors. In these patients, the prognosis is guarded but depends again, to a large degree, on the extent of extracranial disease. When no other treatment options were available, we have performed radiosurgery in a small group of young patients, in each of whom there were fewer than 12 tumors. Surgeons at some centers apparently have performed radiosurgery in patients with upward of 100 tumors. We believe that this approach is unlikely to provide the patient with any worthwhile benefit.
Treatment Goals
To provide effective palliation, radiosurgery combined with radiation therapy must achieve several goals. First, the treated tumors must not increase in size or cause additional neurological symptoms. Second, these benefits should be available to patients regardless of tumor histological type. In our randomized trial, no patient developed additional neurological symptoms from the treated tumors. New symptoms did develop from new tumors that were diagnosed later on, and these patients received additional brain treatment (usually radiosurgery) if the burden of their systemic disease was not out of control.
Achieving a high rate of local disease control can be enhanced by increasing the delivered radiation dose. Shiau, et al., 27 increased the 1-year control rate from 77 to 90% when a minimum dose of greater than or equal to 18 Gy was delivered to the tumor. Histological studies of metastases after radiosurgery have shown reduced growth potential with molecular analyses. 16 
CONCLUSIONS
As improvements in the care of cancer patients are achieved, longer survival times will be expected. The diagnosis of a patient with multiple brain metastases will become even more common. The combination of WBRT and stereotactic radiosurgery for the treatment of patients with two to four tumors significantly improves the control of brain disease. Although we found no evidence of improved survival in the randomized patients, those randomized to WBRT-alone group who were then selected to receive later salvage radiosurgery lived longer than those who were not selected to undergo that procedure. Wholebrain radiation therapy alone does not appear to provide lasting and effective care for most patients. For patients with two to four brain metastases less than 25 mm in diameter who have no other extracranial disease other than their primary tumor or stable extracranial disease, radiosurgery combined with WBRT radiation therapy is our preferred management option. Such an approach is particularly important in patients in whom a good prognosis is expected. In future trials we plan to explore whether WBRT will benefit patients with one or two tumors. Vigilant management of extracranial cancer should improve survival length further.
